Short hairpin RNAs (shRNAs) are widely used for gene knockdown by inducing the RNA interference (RNAi) mechanism, both for research and therapeutic purposes. The shRNA precursor is processed by the RNase III-like enzyme Dicer into biologically active small interfering RNA (siRNA). This effector molecule subsequently targets a complementary mRNA for destruction via the Argonaute 2 (AGO2) complex. The cellular role of Dicer concerns the processing of pre-miRNAs into mature miRNAs. Recently, a non-canonical pathway was reported for the biogenesis of miR-451, which bypasses Dicer and is processed instead by the slicer activity of AGO2, followed by the regular AGO2-mediated mRNA targeting step. Interestingly, shRNA designs that are characterised by a relatively short basepaired stem also bypass Dicer to be processed by AGO2. We named this design AgoshRNA as these molecules depend on AGO2 both for processing and silencing activity. In this study, we investigated diverse mechanistic aspects of this new class of AgoshRNA molecules. We probed the requirements for AGO2-mediated processing of AgoshRNAs by modification of the proposed cleavage site in the hairpin. We demonstrate by deep sequencing that AGO2-processed AgoshRNAs produce RNA effector molecules with more discrete ends than the regular shRNA products. Furthermore, we tested whether trimming and tailing occurs upon AGO2-mediated processing of AgoshRNAs, similar to what has been described for miR-451. Finally, we tested the prediction that AgoshRNA activity, unlike that of regular shRNAs, is maintained in Dicer-deficient cell types. These mechanistic insights could aid in the design of optimised AgoshRNA tools and therapeutics.
Introduction
RNA interference (RNAi) is an evolutionary conserved mechanism in which double stranded RNA (dsRNA) triggers sequence-specific gene silencing at the post-transcriptional level (1, 2) . The key players in this pathway are small non-coding RNAs and the largest class consists of the miRNAs (3) . The primary miRNA transcripts are processed by the nuclear Microprocessor complex, consisting of the RNAse III-like enzyme Drosha and its dsRNA-binding partner DGCR8, into precursor miRNAs of ~70 nucleotides (nt) that are characterised by a hairpin structure (4, 5) . This pre-miRNA is exported from the nucleus to the cytoplasm by Exportin5 and processed further by the RNAse III-like Dicer enzyme -in association with the TAR RNA binding protein (TRBP) and the protein activator of PKR (PACT) -into miRNA duplexes of ~20-24 base pairs (bp) with 2 nt 3'-overhangs. The miRNA duplex is incorporated into the RNA-induced silencing complex (RISC) by association with Argonaute 2 (AGO2) protein (6, 7) . Depending on the thermodynamic properties of the miRNA duplex, preferentially one strand will be selected as mature miRNA in guiding the RISC complex to complementary mRNA targets (8, 9) .
RNAi can also be triggered by gene constructs containing an RNA polymerase III cassette to express a short transcript that adopts a hairpin conformation of approximately 21 bp with a 10 156 2 nt 3'-overhang (10) (11) (12) . Such shRNA molecules skip Drosha processing and enter the RNAi pathway at the Dicer processing step, resulting in the generation of an siRNA that triggers mRNA cleavage (Fig. 1A, top) . The cellular miRNAs require Drosha and subsequently Dicer to yield the miRNA duplex (Fig. 1A, bottom) (4, 5) . Besides these canonical shRNA/miRNA processing pathways, several alternative mechanisms have recently been described. Droshaindependent processing has been reported for several pre-miRNAs, namely mirtrons, tRNAZ and small nucleolar RNAs (snoRNAs) (13) (14) (15) (16) (17) (18) . Although Dicer was considered to be essential for miRNA processing, recent evidence indicates that miR-451 is processed in a Dicerindependent, but AGO2-dependent manner (19) (20) (21) (22) (23) (24) . Among the pre-miRNAs, pre-miRNA-451 has as special features a short basepaired stem of only 17 bp and a relatively small loop of 4 nt and is processed by AGO2 at the 3'-strand of the hairpin between the 10�� and 11�� bp, yielding a ~30 nt miRNA (Fig. 1B, bottom) . Subsequent 3'-uridylation and trimming creates ã 22-26 mature miR-451. A role for the poly(A)-specific ribonuclease (PARN) has recently been implied in the trimming reaction, but this modification is not necessary for miR-451 activity (25) . (A) Canonical Dicer-mediated processing of shRNAs and pre-miRNAs. Top: a regular short hairpin RNA (shRNA) of 21 bp in length is processed by Dicer into siRNAs. Bottom: a regular pre-miRNA is processed by Dicer into the mature miRNA duplex. The guide strand (thick line) of the siRNA/miRNA duplex will subsequently be incorporated into RISC to induce RNAi silencing. (B) Non-canonical AGO2-mediated processing of AgoshRNAs and miR-451. Top: AgoshRNAs are hairpins of only 19 bp with a small terminal loop that bypass Dicer-processing and undergo cleavage by AGO2 between bp 10 and 11 on the 3' side of the duplex (closed triangle). Bottom: miR-451 is the founding member of a class of Dicer-independent, AGO2-processed miRNAs. A thick line represents the guide strand. Hairpin characteristics shared with the AgoshRNA design are the short stem and small loop. The miR-451 is processed further by tailing and trimming as indicated.
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shRNA AgoshRNA A similar non-canonical class of shRNAs was described more recently that is also processed in a Dicer-independent, AGO2-dependent manner (Fig. 1B, top) . In analogy to miR-451, these so-called AgoshRNAs are typically shorter (17-19 bp) than regular shRNAs and have a small loop of 3-5 nt (26) . We recently demonstrated the modulating role of a top G-U base pair, again similar to recent miR-451 findings (27, 28) . Other structural elements or sequence motifs that trigger non-canonical AGO2 processing remain largely unknown. Furthermore, it remains unclear whether the processed AgoshRNA is subject to uridylation and trimming upon AGO2 cleavage.
In this study, we tested several aspects of AgoshRNA biology. The importance of a perfectly basepaired duplex around the AGO2 cleavage site was probed. We also tested the prediction that AgoshRNA products may have more defined ends than regular shRNA products and whether other typical miR-451 properties (trimming/tailing) occur during AgoshRNA processing. Furthermore, we confirmed the prediction that AgoshRNAs retain full activity in a Dicer-deficient cell line.
Results

Probing AGO2 processing by disruption of the basepaired cleavage site in AgoshRNAs
We previously mapped the AGO2 cleavage site in AgoshRNAs between bp 10 and 11 at the 3' side of the 19 bp stem (26) . This position is marked in the prototype wild-type (wt) AgoshRNA molecule shown in Figure 2 and mimics the well-studied AGO2 cleavage of regular siRNA-mRNA duplexes, which also occurs between bp 10 and 11 (29) (30) (31) . To test whether basepairing around the cleavage site is needed for AGO2-mediated processing, we designed 5 AgoshRNA mutants with a local destabilization near the center of the basepaired duplex (Fig. 2) . Mutants 1 and 2 have a single nt substitution in the 3' arm of the duplex to create a mismatch at bp position 11 or 10, respectively. The local stem destabilization was gradually increased in mutants 3, 4 and 5 that create a symmetric 4 nt, 6 nt and 8 nt internal loop, respectively. The predicted thermodynamic stability (ΔG in kcal/mol) of the hairpins is plotted below the structures, illustrating the gradual destabilization from -36.9 to -26.3 kcal/mol.
We first analyzed the AgoshRNA processing products by northern blotting using probes that detect either the 3' or 5' side of the hairpin (Fig. 3 , upper and lower panel, respectively). As expected, no regular Dicer products of ~21 nt could be detected for the wt and mutant AgoshRNAs with these probes. As a control, we included a regular shRNA of 21 bp (shRT5) that produces such 21 nt siRNA products from both sides of the hairpin, but most prominently from the 3' side (guide strand). The wt and mutant AgoshRNAs show only a vague signal of 40 nt with the 3' side probe, which likely reflects the precursor transcript. The migration of these precursor RNAs on the denaturing gel seems to be affected by duplex disruption, with the slowest mobility for the transcripts with the largest internal loop. The 5' side probe detected the predicted AGO2-product of 33 nt for the wt AgoshRNA (marked with * in Fig. 3 , bottom panel). Interestingly, mutant 1 with a mismatch at bp 11 produces a slightly longer RNA product. This may suggest that AGO2 cleavage was shifted towards the bottom of the hairpin stem between bp 9 and 10, thus creating an extended RNA product. However, AGO2 cleavage is known to be very precise and we therefore performed deep sequencing of the RNA products generated by mutant 1. Much to our surprise, the mutant 1, 2 and 3 transcripts were extended by a -1 shift in the transcription start site of the H1 promoter (Fig. 4) , which explains the slightly longer RNA product. The shift in transcription start site is unexpected as the H1 promoter is known to have all important sequence motifs located upstream of the start site (32) . Processing is reduced for mutant 1. The single mismatch at bp position 10 in mutant 2 completely abolished AGO2-mediated cleavage. Mutant 3 with a symmetric internal loop at bp positions 10 and 11 showed a minor band on the northern blot corresponding to the original cleavage product of ~30 nt. This was confirmed by deep sequencing of the transcripts. Mutants 4 and 5 with bigger internal loops produced no specific products. Loss of the specific signal for mutants 2-5 correlates with the appearance of a faint signal of the ~40 nt precursor. Again, we observed the minor shift in migration behavior of these hairpin precursors with extended internal loops ( Figure 3 ). We next tested the knockdown ability of these AgoshRNA hairpins on luciferase reporters with the sense or antisense target to probe the activity of the 3' or 5' strand, respectively (Fig. 5A , left and right panel). The 3' strand of the AgoshRNA hairpin carries the mutations that result in incomplete pairing with the luciferase sense target, whereas the 5' strand is not modified and thus perfectly complementary to the antisense luciferase reporter. We co-transfected an AgoshRNA and luciferase construct in HEK 293T cells. The pBluescript plasmid (pBS) mock-transfection served as negative control for which luciferase expression was set at 100% (Fig. 5A ). The unrelated shNef served as another negative control. No active 3' arm derived siRNA activity was scored for the wt and mutant AgoshRNAs on the luciferase-sense reporter, consistent with the absence of 3' side processing products (Fig. 3) . The shRT5 served as positive control for targeting the sense reporter via the dominant 5'guide strand and the antisense reporter via the 3' passenger strand. The wt AgoshRNA showed potent luciferase-antisense knockdown, at least comparable to that of the shRNA controls (Fig. 5A ). Fairly good activity was scored for mutant 1, but most activity was lost for the other mutants, consistent with the gradual disappearance of the processed AgoshRNAs on northern blot (Fig. 3) . To carefully determine the knockdown abilities of the different AgoshRNA variants, we performed another transfection series in which the AgoshRNA construct was titrated (Fig. 5B: 1 .25, 5.0 and 20 ng). A clear dose-dependent inhibition was measured for wt and mutant 1, but none of the other hairpins showed significant reporter knockdown activity. 
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More precise ends for AgoshRNA than regular shRNAs
Recent literature indicates that there is imprecision in the 5' and 3' ends of processed shRNA molecules, which can have a serious impact on the silencing activity and target specificity (33) (34) (35) . In particular the Dicer-mediated processing introduces quite some sequence variability due to imprecise cleavage events and we argued that more precise processing can be expected for AGO2-processed AgoshRNA molecules because the AGO2 enzyme is known to accurately cleave duplexes between bp 10 and 11 (26, 28, 36) . The earlier result with mutant 1 indicated that even a deliberate opening of the basepaired stem near the AGO2 processing site does not affect the actual site of cleavage, but only the processing efficiency. We decided to investigate this issue in more detail by deep sequencing. We transfected 293T cells with the plasmids encoding either the 21 bp shRNA-RT5 or the 19 bp AgoshRNA-RT5 in combination with a flag-tagged AGO2 construct. The AGO2 complexes were pulled down after 2 days, size-selected for small RNA molecules and sequenced using SOLiD deep sequencing. We confirmed the inaccuracy of Dicer-mediated processing of the regular shRNA ( Figure 6A ). Significant cleavage site variation is apparent on both the 5' and 3' arms of the molecule, consistent with previous reports (33) (34) (35) . In fact, only few of the cleavage events are those expected based on the shRNA design (18% on the 5' side and 0.01% on the 3' side). Most 5' and 3' cleavages occur 2 bp lower in the duplex than expected, which may be related to breathing of the top U-G bp or imprecise 5'/3' ends of the shRNA transcript as reported (37) . In contrast, quite precise cleavage occurs between bp 10 and 11 for the new AgoshRNA design (Fig. 6B) . The most abundant byproduct represents a shift to cleavage between bp 11 and 12 and accounts for just 5% of the reads. Similar results were apparent for mutants 1-3. Precise cleavage was also observed for mutants 1 and 3. The signal was lost for mutant 2, consistent with the northern blot results (Fig. 3) . 
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Does trimming and tailing occur for AgoshRNAs?
The AGO2-processed miR-451 of ~30 nt is further trimmed to a mature product of ~22-26 nt (20, 25) . Because AgoshRNA processing closely resembles that of miR-451, we wondered whether tailing and trimming occurred. In Drosophila, trimming and tailing of a miRNA is triggered by extensive complementarity between the AGO1-bound miRNA and the target mRNA (38) . Thus, we tested whether the inclusion of target RNA could induce this process. We compared two AgoshRNA constructs of 19 bp and a terminal loop of 3 nt (19/3) or 5 nt (19/5) with two regular shRNAs of 21 bp and 22 bp (21/5 and 22/5). These constructs were co-transfected with or without a luciferase reporter that encode the complementary target RNA for the AgoshRNAs. Processing of the AgoshRNAs yielded the typical AGO2-products of approximately ~30 nt that are detected by the 5' side probe (marked with * in Fig. 7 , lower panel). As expected for AGO2-mediated processing on the 3'side of the stem, the larger loop in 19/5 results in a 2 nt extended product compared to that of construct 19/3. Most importantly, the products remain of the same discrete size in the presence of a complementary target RNA, providing no evidence that tailing and trimming occurs upon AGO2-mediated processing. Regular shRNA products of approximately 21 bp were detected for the 21/5 and 22/5 constructs with both the 5' and 3' side probes. 
Full AgoshRNA activity in Dicer-minus cells
The Dicer-independence of AgoshRNAs predicts that these research tools or therapeutic agents can be used in Dicer-deficient (Dcr-) cell types. To critically test this idea, we compared the efficacy of AgoshRNA and regular shRNA constructs in the HCT116 cell line in which Dicer is affected by disruption of the helicase domain (39). We again used related constructs that differ in size of the hairpin stem: the regular shRNA 21/5 and the AgoshRNA 19/5 of which the activity can be scored on the same luciferase reporter. The knockdown ability of the regular shRNA (21/5) was reduced in these Dcr-cells (Fig. 8, left panel) . In contrast, AgoshRNA (19/5) knockdown activity was not affected (Fig. 8, right panel) . Notably, the AgoshRNA 19/5 activity was even enhanced in Dcr-cells, which may cautiously suggest that AGO2 loading occurs more efficiently in the absence of competitive Dicer loading. 
Discussion
In this study we probed several mechanistic aspects of the recently described class of Dicer-independent shRNAs that are processed by AGO2. These AgoshRNA molecules are characterized by a relatively short basepaired stem that likely prevents recognition by Dicer, such that the alternative AGO2-mediated processing route becomes operational. For AGO2 recognition of the hairpin one would expect the requirement of perfect basepairing around the actual cleavage site between bp position 10 and 11. This was tested by introduction of a single or multiple mismatches around the cleavage site in an AgoshRNA, followed by northern blot analysis and activity testing on a matching reporter construct. Indeed, AgoshRNA mutants with 2-4 mismatches in the centre of the duplex could not be processed by AGO2 and lost all luciferase knockdown activity. This mimics the exquisite dependence on perfect basepairing for AGO2 cleavage of regular siRNA-mRNA duplexes (29) (30) (31) . A mixed pattern was observed for the mutants with a single mismatch. Mutant 1 with a mismatch at bp position 11 directly above the cleavage site remained fairly active, whereas mutant 2 with a mismatch at bp position 10 directly below the cleavage site abolished AGO2 processing and lost all reporter silencing activity. Deep sequencing indicated that the introduction of the mismatches near the AGO2 cleavage site did not affect the cleavage site specificity. We did observe an unexplained effect of the single nt variation in mutant 1 on the start site of transcription from the H1 promoter. Deep sequencing revealed a distinct shift from the regular A at position +1 to the neighbouring C at position -1, which explains the notable shift in the RNA band observed on the northern blot of Figure 3 . Heterogeneity of transcription start site usage has been reported for H1 transcription (35), but we observed an unexpected shift in initiation site that is induced by a single mutation some 33 nt further downstream in the double-stranded DNA of the H1 promoter. It remains to be seen whether this shift is a coincidence, e.g. by inactivation or activation of a binding site for a transcription factor, or that such effects can be expected more generally. This phenomenon adds further potential sequence variation to the already heterogeneous small RNAi inducers.
The non-canonical processing pathways of man-made AgoshRNAs and the natural miR-451 are very similar in the sense that both precursors are processed by AGO2 instead of Dicer (36) . The AGO2-cleaved miR-451 is subject to 3'-5' exonucleolytic trimming by the poly(A)-specific ribonuclease (PARN) to its mature length of 23-26 nt (25) . We tested whether trimming also occurs for an AgoshRNA, but did not find evidence for this based on northern blotting and a previous sequence analysis on small RNAs that were in complex with wild-type and catalytically inactive AGO2 (26) . As trimming could depend on the presence of a complementary target RNA (38), we also studied AgoshRNA processing in the presence of target RNA, but no evidence for trimming was obtained. For miR-451, it was suggested that the actual sequence of the 3' arm of the hairpin stem affects trimming, in particular the presence of uridines at specific stem positions (25, 40) . It can therefore not be excluded that other AgoshRNA molecules will be subjected to trimming. Recently, Yoda et al showed that 3' trimming of AGO2-cleaved pre-miRNAs is not essential for target silencing (25) . It remains to be determined whether trimming does modulate the activity of miR-451.
We previously discussed the putative advantages of AgoshRNAs over regular shRNAs (26, 36) . The major advantage is the fact that only a single RNAi-active guide strand is produced by an AgoshRNA, which is an important safety feature to restrict off target effects caused by the passenger strand. It was proposed that AgoshRNAs would be the silencing method of choice for cell types that express a limited amount or no Dicer at all, such as monocytes (41) . In this study, we confirm that AgoshRNAs, unlike regular shRNAs, remain fully active in such Dicer-deficient cells. In fact, superior AgoshRNA activity was scored in Dcr-cells, likely because of the absence of competitive loading in Dicer. We suggested that toxicity due to saturation of Dicer as critical component of the cellular RNAi pathway will not likely occur with AgoshRNAs and this potential advantage was recently confirmed experimentally (42) . We reasoned that the smaller AgoshRNAs may exhibit an improved safety profile because innate immunity mechanisms will not be triggered that easily. On the other hand, it cannot be excluded that the typical AgoshRNA product, consisting of a duplex of 9 bp with 10 nt overhang, is recognized by innate sensors. Yet another potential advantage that was proposed is that AGO2-mediated processing of shRNAs may yield more precise ends compared to Dicer processing (36) , which shows considerable variation (33, 34) . It is notoriously challenging to design RNAi reagents that are processed at a precise position, e.g. recent evidence indicates that the exact composition of the Dicer complex influences the actual Dicer cleavage site (43, 44) . In this study, we demonstrate that AgoshRNA processing yields much more precise RNA products. Overall, our combined results and those of other laboratories (42) suggest that there is a future for potent and specific AgoshRNA reagents in basic biology research and therapeutic applications.
Materials and Methods
DNA constructs
The wt and mutant AgoshRNA constructs were made by annealing of complementary oligonucleotides (containing the BamHI and HindIII restriction enzyme sites) and inserting them into the BglII and HindIII sites of the pSUPER vector (12) . All DNA constructs were verified by sequence analysis using the BigDye Terminator Cycle Sequencing kit (ABI, Foster City, CA, USA). Hairpin RNA constructs were sequenced using a sample denaturation temperature of 98˚C and upon addition of 1M Betaine. The RNA secondary structure and the thermodynamic stability of the shRNA-AgoshRNA transcripts were predicted with the Mfold program (45) .
Firefly luciferase reporters (based on pGL3; Promega, Madison, WI, USA) were constructed by insertion of a 50-to 70-bp fragment with the actual 19-nt target sequence in the centre into the 3' untranslated region between the EcoRI and PstI sites of pGL3 (46) . The Luc-RT5 sense and antisense reporters were described previously (47) .
Cell culture and DNA transfections
Human embryonic kidney (HEK) 293T, HCT-116 wt and Dcr-adherent cells (48) were grown as monolayer in Dulbecco's modified Eagle's medium (Life Technologies, Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 μg/ml) and minimal essential medium non-essential amino acids (DMEM/10% FCS) in a humidified chamber at 37°C and 5% CO₂. 166 siRNA detection by northern blot analysis northern blotting was performed as previously described (49) . Briefly, 1.5x10⁶ HEK 293T cells were transfected with 5 μg of wt and mutant AgoshRNA construct using Lipofectamine 2000. Total cellular RNA was extracted 2 days post-transfection with the mirVana miRNA isolation kit (Life Technologies, Ambion and Austin, TX) according to the manufacturer's instructions. The RNA concentration was measured by Nanodrop 1000 (Thermo Fisher Scientific). For northern blot analysis, 15 μg total RNA was electrophoresed in a 15% denaturing polyacrylamide gel (precast Novex TBU gel, Life Technologies). The Decade RNA molecular weight marker (Life Technologies) was prepared according to the manufacturer's protocol and run alongside the cellular RNA. Ribosomal RNA was stained with 2 µg/ml ethidium bromide and visualised under UV light to ensure equal sample loading. The RNA in the gel was electro-transferred to a positively charged nylon membrane (Boehringer Mannheim, GmbH and Mannheim, Germany) and crosslinked to the membrane using UV light at a wavelength of 254 nm (1200 µJ x 100). Overnight hybridization was performed at 42°C with radiolabeled locked nucleic acid (LNA) oligonucleotides in 10 ml ULTRAhyb hybridization buffer (Life Technologies, Austin, TX) according to the manufacturer's instructions. LNA oligonucleotide probes were 5'-end labelled with the kinaseMax kit (Life Technologies) in the presence of 1 µl [γ-32P] ATP (0.37 MBq/µl, Perkin Elmer). To remove unincorporated nucleotides, the probes were purified on Sephadex G-25 spin columns (Amersham Biosciences) according to the manufacturer's protocol. We used the following oligonucleotides to detect the antisense and sense strand of the RT5 siRNA (LNA positions underlined): 5′-ATGGCAGGAAGAAGCGGAG-3′ and 5'-CTCCGCTTCTTCCTGCCAT-3'. After overnight hybridization, the membranes were washed twice for 5 min at 42C in 2 x SSC/0.1% SDS and twice for 15 min at 42C in 0.1 x SSC/0.1% SDS. Signals were detected by autoradiography using a phosphorimager (Amersham Biosciences).
Small RNA library preparation and SOLiD deep sequencing
293T cells were co-transfected with 5 µg AGO2-FLAG plasmid and several shRNA-or AgoshRNA-expressing plasmids. At 48 h post-transfection, cytoplasmic cell extracts were prepared by the treatment of cells on ice for 20 min with IsoB-NP-40 [10 mM Tris-HCl (pH 7.9), 150 mM NaCl, 1.5 mM MgCl₂, 1% NP-40] followed by a centrifugation at 12000g for 10 min at 4°C. The supernatant was incubated with 75 µl of anti-FLAG M2 agarose beads (Sigma) with constant rotation overnight at 4°C. The beads were washed three times in NET-1 buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2.5% Tween 20] . Small RNAs associated with AGO2 were isolated by phenol chloroform extraction followed by DNAse treatment using the TURBO DNA-free kit (Life Technologies). 5 μg RNA was loaded on a denaturing 15% PAGE gel for size fractionation. The 15-55 nt RNA fragments were isolated using a Spin Column (Ambion). The quality of the RNA was assayed on a Bioanalyzer 2100 (Agilent) using a small RNA chip and served as template to create an RNA library that is compatible with the SOLiD sequencing platform. We used the SOLiD Small RNA Library Preparation protocol according to manufacturer's instructions (Applied biosystems; 4452437 Rev. B; page 51 -66). Samples were run on a SOLiD Wildfire system (Applied biosystems).
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Bioinformatics
Analysis of the SOLiD colorspace reads was performed with LifeScope Genomic Analysis Software version 2.5 (Applied biosystems) using the small RNA pipeline. First the libraries were mapped against filter-sequences to eliminate reads generated from irrelevant sources (like tRNA, adaptors sequences etc). The remaining reads of the first steps are subsequently filtered against known miRNA sequences from miRBase (http://www.mirbase.org/). Finally, the unmapped reads from step two are aligned to reference sequences of AgoshRNA or shRNA expressing plasmids, allowing no mismatches during alignment.
Luciferase assays
HEK 293T cells were co-transfected with 100 ng of the firefly luciferase expression plasmid, 1 ng of renilla luciferase expression plasmid (pRL-CMV) and 1.25, 5, 20 or 25 ng of AgoshRNA expression construct. HCT wt or Dcr-cells were transfected with 100 ng of firefly luciferase expression plasmid, 1 ng of pRL-CMV and 12.5 ng of AgoshRNA or shRNA construct. The pRL plasmid served as an internal control for cell viability and transfection efficiency. We added pBluescript SK-(pBS) (Promega) to the transfection mixtures to obtain equal DNA concentrations. Two days post-transfection, firefly and renilla luciferase activities were assessed using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Relative luciferase activities were calculated from the ratio between firefly and renilla luciferase activities. Transfection experiments were corrected for between-session variation as described previously (50) .
